In this article, a dual band patch antenna is achieved by introducing T-slot in circular disk with small frequency ratio. It is theoretically investigated using equivalent circuit theory concept. The resonance frequency is found to be 1.84 and 2.02 GHz suitable for DCS-1800, PCS-1900 and IMT-2000 The measured bandwidths at lower and upper resonances are found to be 6.59% and 6.89% respectively for proposed antenna specifications. The effect of slots dimension in the patch is studied. The frequency ratio is found to be 1.09. The maximum gain of the proposed antenna is found to be 6.52 dBi whereas efficiency is found to be 62.17% and 76.42% at lower and upper resonance frequencies respectively. The theoretical results are compared with simulated and measured results and they are in good agreement.
Introduction
The dual-frequency circular microstrip antennas are one of the most promising technologies in the wireless communication due to their low profile, reduction in size, easy of fabrication, integrability with millimeter and microwave circuits. Dualband antennas are being used in large variety of applications such as Global System for Mobile (GSM), Digital Cordless System (DCS-1800), Personal Communication System (PCS-1900) and International Mobile Communication (IMT-2000) for mobile communication system [1] [2] . In the last two decades, the numerous techniques reported to obtain dualfrequency behavior including radar cross section reduction method is based on the absorbing metamaterial loaded around the patch [3] , U-slot with L-strip feeding techniques [4] , truncated tip triangular is embedded with a V-slot shorted patch antenna [5] , meandered line feed in trapezoidal antenna [6] and tunable two varactor loaded patch [7] . However, these techniques make antenna more complicated. A simple method to achieve the dual band operation is by reactively loading the patch. This is done by the way of cutting two L-shaped slots in disk patch [8] , rounded corner triangular patch antenna [9] , dome shaped array microstrip patch antenna [10] . The loading of the slot on the patch increases the current path length that results in lowering the antenna resonance frequency which corresponds to reduced antenna size.
However, these reported antenna structures of reactive loading using slots [11] [12] [13] [14] [15] [16] [17] [18] [19] involve complex calculation, design, higher frequency ratio and lower bandwidth as compared to proposed antenna. This has been summarized in Table 1 . This innovate us to work on dual band T-slot loaded disk patch antenna which can overcome above limitations. The analysis of the proposed antenna is carried out using circuit theory concept based on modal expansion cavity model. Various parameters such as return loss, gain, efficiency and radiation pattern of the proposed antenna have been investigated. The details are discussed in following section. Figure 1 shows the top view and side view configurations of the T-slot loaded disk patch antenna with current distribution at the lower and upper resonance frequency. The analysis of proposed antenna is carried out by considering the disk patch of radius 'a' equivalent to the square patch of side 2a [20] .
Antenna Design and Its Equivalent Circuits
The T-slot is etched on a radiating circular patch which is fabricated over dielectric substrate of relative dielectric constant ε r = 4.4 and thickness h = 1.6 mm. The proposed antenna is excited by a 50Ω coaxial feed. A T-slot of dimension L vs × L hs × T is incorporated in the centre of the patch so that the vertical and horizontal slots are symmetrically and perpendicular to each other. The first slot is vertical slot with dimension L vs × T and the second slot is horizontal slot with dimension L hs × T. Figure  1 (c) shows the fabricated photo of the proposed antenna with design specifications which is shown in Table 2 . The equivalent circuit of the circular patch antenna is shown in Figure 2 in which the circuit parameters are considered as a parallel combination of resistance (R 1 ), inductance (L 1 ) and capacitance (C 1 ). The approximate values of these parameters can be calculated as [1] 
Table 2. Design Specifications for T-slot Loaded Circular Patch Antenna
where, J n (kx 0 ) = Bessel functions of order 'n', x 0 = feed point location along x-axis of the disk patch, h = substrate thickness, Q T = total quality factor of the resonator, P T = total power loss in the cavity and f r = resonant frequency of the disk antenna. 
The resonance frequency of circular disk patch is given as [20] r eff
in which, k mn = m th zero order of the derivative of Bessel function of order 'n', a eff = effective radius of circular disk [21] Therefore, the impedance of the patch without T-slot can be derived from Figure 2 .
Slot on the patch can be analyzed by using the duality relationship between the dipole and slot [22] . T-slot can be considered as a combination of two slots as shown in Figure  1 (a). Among these, two slots are perpendicular to each other. One slot is the arm length (L vs ) of T-slot and it is vertical. The second slot is base length (L hs ) of the T-slot and it is horizontal. As the equivalent circuit of a narrow slot comprise a series combination of the radiation resistance (R S ) and the reactive components (XS) are shown in Figure 3 
. (a) Equivalent Circuit of a Slot, (b) Modified Equivalent Circuit of T-Slot
Therefore, the impedance of vertical slot can be determined as [23] 
are the sine and cosine integrals defined as
Similarly, the impedance of the horizontal slot can be given as [23] HS HS HS International Journal of Future Generation Communication and Networking Vol. 8, No. 3 (2015) Z TS Z P
Figure 4. Equivalent Circuit of the T-slot Loaded Circular Disk Patch Antenna
The T-slot microstrip patch antenna can be considered as a parallel combination of impedance of the patch and the T-slot as shown in Figure 4 , therefore the total input impedance of the T-slot loaded circular microstrip patch antenna can be derived as
Therefore, using value of input impedance from the equation (8), the reflection coefficient (Γ), VSWR and the return loss (RL) of the T-slot loaded patch antenna can be calculated as [24] 
where, Z 0 is the input impedance of the coaxial feed (50 Ω)
Discussion of Results
The proposed disk patch antenna with T-slot loaded is fabricated and measured to verify the antenna characteristics for dual band operation. The Agilent E5071C Network Analyzer is used to measure the return loss of the proposed antenna and the simulation is performed by IE3D simulator [25] . The comparative plot of theoretical, simulated and measured results for T-slot loaded disk patch antenna is shown in Figure 5 . It is found that the antenna resonates at two frequencies i.e., f r1 =1.835 GHz, f r2 =2.016 GHz and -10 dB bandwidths are 6.59% and 6.89% for lower and upper resonance frequencies respectively. Calculated frequency ratio for upper to lower resonance frequency (f r2 /f r1 ) is 1.09. It is clearly seen that measured results agree with those from theoretical and simulated results. The complete details of the proposed antenna for measured, simulated and theoretical results are summarized in Table  3 . In comparison to these reference antennas, the proposed antenna is quite compact (30 × 30 mm 2 ) in size which provides the wider bandwidth (6.59% and 6.89%) with a small frequency ratio 1.097.
Table 3. Calculated Bandwidth for Measured, Simulated and Theoretical
Results Figure 6 and 7 shows the variation of return loss with frequency for the different values of vertical and horizontal slot lengths respectively. From the figures, it is found that lower and upper resonance frequencies are shifted towards higher side as the vertical slot length (L vs ) increases but their corresponding bandwidths decreases as described in Table 4 . On increasing the horizontal slot length (L hs ) lower and upper resonance frequencies are shifted towards higher side and its corresponding bandwidths increases and the detail observations are summarized in Table 5 . These changes are observed in the figures due to the variation in impedance of vertical and horizontal slots as derived from the equations (5) and (6). 
Figure 8. Variation of Returns Loss with Frequency for Different Values of Slot Thickness
From Figure 8 , it is found that lower and upper resonance frequencies are shifted towards lower side as the slot thickness (T) increase, this also increases the corresponding bandwidths and detail description is given in Table 6 . 
Figure 9. Variation of Returns Loss with Frequency for Different Values of Substrate Thickness (h)
It is observed that the bandwidths of the antenna decreases. The variation of bandwidth for different thickness of the substrate is given in Table 7 .
Table 7. Calculated Bandwidth for Different values of Substrate Thickness
It is observed form the figures and tables that bandwidth varies on the variation of slot and substrate thickness. The variations in slots and substrate thickness are observed because input impedance of the slots varies whereas input impedance of the substrate thickness varies with the relative permeability which inversely changes the resonance frequencies of the radiating patch. These changes are observed in slots and substrate thickness from the equations (5) and (6) . Figure 10 and 11, shows the ratio of resonance frequencies (f r2 /f r1 ) for different values of vertical and horizontal slot length. It is found that the frequency ratio decreases on increasing the vertical slot length as well as horizontal slot length. Figure 12 and 13, shows the ratio of resonance frequencies (f r2 /f r1 ) for different values of slot and substrate thickness. It is observed that the frequency ratio increases on increasing the both slot and substrate thickness. 6 1.65 1.7 1.75 1.8 1.85 1 
Figure 13. Variation of Frequency Ratio for Different Values of Substrate Thickness (h)
The gain and efficiency of the proposed antenna are shown in Figure 14 and 15. From the figures, it is observed that the peak gain of the antenna is 5.78 dBi at 1.84 GHz and 6.52 dBi at 2.02 GHz for theoretical result whereas for simulated result is 4.28 dBi and 5.12 dBi at lower and higher resonance frequencies respectively. The efficiency of the proposed antenna is 62.17% (theoretical) and 54.4% (simulated) at lower resonance whereas 76.42% (theoretical) and 66.86% (simulated) at upper resonance frequency. 
Conclusion
The characteristics of a dual band disk patch antenna with T-slot have been proposed and its theoretical and simulated results are verified with measured results. From the analysis it is concluded that T-slot loaded circular patch antenna operates at two resonance frequencies 1.84/2.02 GHz with small frequency ratio of 1.09. The resonance frequencies are highly dependent on the slot dimensions and substrate thickness. Design parameters of T-slot play crucial role in controlling bandwidth as well as separation of resonances. The proposed antenna is suitable for DCS-1800, PCS-1900 and IMT-2000 applications.
